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1. Introduction 
This note describes in detail the procedures used in the reception, handling, testing and 
storage of R and Phi sensors for the LHCb VELO detector modules. The procedures 
have been evolved over the last few years and this version was finalised for the Mid 
Term Review of the production process after 12 production modules had been made and 
transported to CERN for installation. The note is composed of two main parts. Sections 
2-5 deal with the testing procedures and are a revised version of the manuals developed 
for the VELO. Sections 6-7 summarize the results of the testing.  
In all, five versions of VELO sensors have been built. These are labelled PR-01 to PR-
05. The production version for the VELO was PR-04. The PR-04 series was 300 microns 
thick, n-strips in n-bulk, with p-spray isolation and was manufactured by Micron 
Semiconductor. The sensors came in two designs R (R-measuring) and Phi (Phi 
measuring), see   
      Figure 1. 
  
      Figure 1: Photograph of PR-04 R-sensor (left) and PR-04 Phi-sensor (right). 
The sensor testing procedures for the VELO PR-04 sensors are outlined below. At each 
point both the database[1] and a “paper traveller” were be kept up to date. The traveller 
on its own was not regarded as being adequate and the electronic database was the 
“master” for the production. 
The sensors were identified by a unique numbering scheme from the manufacturer. This 
consisted of a 4 digit number that identifies a batch of silicon, a two digit number that 
identifies a wafer of silicon within a batch and a single character (A, B, C for Phi sensors 
and D, E for R sensors) that identifies the position on the wafer. 
2. Reception Procedure 
A video is available that demonstrates many of the details outlined below [2]. 
2.1. Visual Inspection 
2.1.1. Instructions 
1. When sensors are delivered to the workshop, the workshop coordinator 
phones and e-mails the sensor coordinator to inform of receipt of sensors. 
2. Sensor coordinator and assistant check the contents of the shipping 
container. The QA coordinator is notified if the shipment is incomplete. 
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3. Sensor coordinator checks that each sensor has its full set of electronic 
data: IV, CV, CAP_S, and manufacturing parameters. QA coordinator 
must be immediately and personally notified if data are incomplete.  
4. Fill in a paper traveller for each sensor (see Appendix A). 
5. Store each sensor in the top drawer in the cabinet marked “STORAGE 
CABINET” near to Probe Station 1 in Room G16[3] on the plan of the 
Clean Rooms. Sensors are stored in numerical order from left to right, and 
from back to front in the drawer. 
6. Visual inspect each sensor in CLASS 100 area under inspection 
microscope next to HK710 (1) Clean-room masks and gloves must be 
worn. It is not necessary to lift or handle the sensors directly; they should 
be turned over in a transport box between sheets of sensor separator paper. 
Whenever a transport box is to be closed there must be exactly three sheets 
of sensor separator paper above the sensor: this ensure that when the box is 
next opened the operator can expect, but not rely on, there being three 
pieces of separator paper above the sensor.  
2.1.2. Time Allocated 
The time allocated for this procedure was 15 minutes per sensor. 
2.2. Data Entry for Visual Inspection 
2.2.1. Instructions 
1. Login. Select “Add new” under “Sensor”.  
2. Complete the sensor label, the type, and the manufacturing parameters 
using the data supplied by Micron. 
3. Browse to add the data files for IV and CAP_S supplied by Micron. 
4. Enter a comment if appropriate e.g. “Slight chip in curved 
edge – outside guard rings.” 
5. Enter comments in the database if there are any marks, scratches, smears, 
dust particles, or fibres etc. on the sensor. Usually, two comments are 
sufficient, one for the front and one for the reverse. Each comment should 
start with the date, followed by “front” or “reverse”, followed by a 
description of the cleanliness of that side of the sensor, where “front” 
denotes the strip side and “reverse” denotes the large-area side. These 
designations are used for both p-type sensors and for n-type sensors. 
WARNING: this usage differs from the manufacturer’s nomenclature, 
where the large-area side of an n-type sensor is the “front, but the strip side 
of a p-type sensor is the “front”. 
6. Select “Add new sensor” when complete 
7. Update traveller. 
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2.2.2. Time Allocated 
The time allocated for this procedure was 10 minutes per sensor. 
2.3. Weighing 
2.3.1. Instructions        
1. Ensure the sensor has been registered in the database. 
2. Take the sensor from its storage location. 
3. The balance, marked “Balance” in Room G16 on the plan of the Clean 
Rooms, should be zeroed, by turning off and then on, with the flat stage in 
place and with one piece of sensor separator paper on the stage. 
4. Weigh each sensor. The sensor must be lifted only with a motorised 
vacuum pen; the pen tip must be clean and free from debris, with the metal 
shaft not protruding; care must be taken that if suction is lost the sensor 
will not drop and fracture; the sensor must not be placed on any 
unauthorised surface. The whole operation, including the cleanliness of the 
vacuum tip, must be verified by a second person. The vacuum is released 
when the sensor is 3mm to 5mm above the centre of the balance stage, and 
parallel to it: by allowing the sensor to fall this short distance it comes into 
contact with the stage protected by a cushion of air. If the operator 
attempted to place the sensor directly on the stage, one corner of the sensor 
would contact the stage first and become stressed. 
5. The sensor must be returned to its storage place  
2.3.2. Time Allocated 
The time allocated for this procedure was 5 minutes per sensor. 
2.4. Data Entry after Weighing 
2.4.1. Instructions 
1. Login. Select “PR-04” under “Sensor”. 
2. Select “Update” against the sensor number of the sensor you are 
examining 
3. Enter the mass in the box marked “MASS”. 
4. Select “Update Sensor tests”. 
5. Update traveller with mass and with the thickness calculated from the 
mass. 
2.4.2. Time Allocated 
The time allocated for this procedure was 5 minutes per sensor. 
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2.5. Smartscope Metrology 
The SmartScope comprises a computer-controlled camera mounted on a microscope 
which can be moved in two orthogonal directions (x and z) above a stage which can 
move in a third orthogonal direction (y). The whole system is mounted on a granite block 
for stability. Accuracy is about 5 microns. 
   The computer measures features on devices mounted on the stage. To measure features 
in the z direction it moves the z stage until it obtains the maximum contrast in the image 
from the video camera. To measure in the x and y direction it looks for edges (changes in 
brightness). 
   The magnification of the microscope can be changed from about 50x to about 550x; 
the intensity of illumination can be varied over a wide range; and the direction of 
illumination can be altered from backlighting, to oblique lighting, to many patterns of 
ring lighting. All adjustments are under computer control and they can also be made by 
the operator. 
   Usually the SmartScope is driven from one of a suite of programmes using standard 
metrology software running under Windows to perform automatic skew alignment, plus 
measurement of distance, radius, diameter, roundness, and angle. Data are recorded on 
disc for further analysis. 
2.5.1. Instructions 
1. Ensure the sensor has been registered in the database 
2. Retrieve the sensor from its storage location 
3. Mount the scanning surface on the Smartscope (labelled 
“SMARTSCOPE” in Room G16 on the plan of the Clean Rooms) and 
ensure that both sides are clean. 
4. Carefully mount the sensor on the centre of the scanning surface, oriented 
so that the sensor, which is approximately a semi-circle, has its diameter to 
the front (nearest to the operator), observing the handling precautions, with 
the strip side up. 
5. Run the programme “PR04-height” from the LHCb directory. 
6. When prompted for a filename (e.g. enter 2313-17C-height), where 
the string before “-height” is the sensor label. 
7. Continue to follow the instructions on screen: they will prompt you to 
align on the front/left alignment mark and then on the front/right alignment 
mark. These marks will be roughly located in the centre of the screen at 
the time that you are asked to align on them. You are given two 
opportunities to locate each mark: the first alignment can be rough; the 
second must be accurate. 
8. Load (do not run) the programme “PR04-contour” from the LHCb 
directory. 
9. From the “System” menu, choose “Configuration”, “Database”, 
and then “Load”. Select “LHCb_database”. Select “OK”. Select “Run” 
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(the programme will pause). Select “Override”, then “Database”. 
Select “Full data” and “PCS” (Part Coordinates). Click “OK” to really 
start the programme. 
10. When prompted for a filename enter (e.g. 2313-17C-contour), where 
the string before “-contour” is the sensor label. 
11. Continue to follow the instructions on screen: they will prompt you to 
align on the front/left alignment mark and then on the front/right alignment 
mark. The alignment must be accurate because only one alignment 
opportunity is given for each alignment mark. 
12. Return the sensor to its storage location 
2.5.2. Time Allocated 
The time allocated for this procedure was 40 minutes per sensor. 
2.6. Data Entry after Metrology 
2.6.1. Instructions  
1. Login. Select “PR-04” under “Sensor”. 
2. Select “Update” against the sensor number of the sensor you are 
examining 
3. Browse to the file generated by “PR04-height” alongside test type 
“CURV”.  
4. Browse to the file generated by “PR04-contour” alongside test type 
“CONTOR”. 
5. Select “Update Sensor tests”. 
6. Update Traveller 
2.6.2. Time Allocated 
The time allocated for this procedure was 5 minutes per sensor. 
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3. Electrical Testing 
Following the visual inspection and metrology the detectors are electrically measured 
using the following instructions. A video of these procedures is available. [4] 
3.1. Sensor Mounting 
3.1.1. Instructions  
1. Ensure the sensor has been registered in the database 
2. Retrieve the sensor from its storage location 
3. Mount the phi or r detector on a phi or r type carrier. 
4. Check the detector is located inside the milled area using the Sony 
technology microscope. 
5. Place the pc board on top of the carrier; cover the sensor with a sheet of 
sensor separator paper to protect it; and fasten the board down with the 
three plastic nuts. 
6. Ensure a coloured “tag” is placed on the carrier which exactly matches the 
sensor number 
7. When moving a carrier, always check that the two flying leads stay well 
clear of sensors and do not snag. In particular, check when lifting a carrier 
from a perforated table that the connectors do not snag in the perforated 
holes. 
8. Give the carrier and detector to a designated bonder for connection. Two 
bonds are required from the bias rail to the top contact on the pc board. 
(This step is best done well in advance of the day when the electrical tests 
of the sensor are scheduled, so as not to cause delay).  
3.1.2. Time Allocated 
The time allocated for this procedure was 1 hour per sensor. 
3.2. Installation in Probe station 
3.2.1. Instructions  
1. Ensure number tag is in place and is consistent with a valid sensor number 
2. Switch on probe station overhead lights. 
3. Centre the carrier/detector on chuck then switch on the chuck vacuum. 
Chuck vacuum switch is located at the left side of probe station base. 
4. Connect the vacuum pipe in the probe station to the carrier. 
5. Switch on detector vacuum (by pushing down on connector at side). 
3.2.2. Time Allocated 
The time allocated for this procedure was 5 minutes per sensor. 
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3.3. Initial IV scan 
3.3.1. Instructions  
1. If the previous sensor has just been removed following its final IV scan 
then all wiring inside and outside the probe station cabinet will be set 
correctly except for the two connections to the sensor. If in doubt, both 
operators must check all wiring with the diagram marked “IV scan” 
(shown in Figure 2.) 
 
Figure 2: Probe station wiring for IV scan. 
2. Connect the red, front contact to cable/BNC number 1 which is connected 
to the socket marked Low 1 on the panel on the inside wall of the probe 
station. 
3. Connect the black, rear contact to the cable/BNC number 2 which is 
connected to the socket marked High 1 on the panel on the inside wall of 
the probe station. 
4. Close the probe station door 
5. Switch off the overhead lights and ensure that the microscope light is off. 
6. Select: national instruments LabVIEW 6i 
• open vi  
• select: ivmain.vi 
• enter the detector number in the display window. 
• run ivmain.vi   (click arrow button)   
• initialise K487 (click initialise button) 
• if the detector is 300 micron leave the final voltage at 350v 
              if the detector is 200 micron enter final voltage = 280v 
7. run iv scan: press run button then wait for scan to finish 
8. The programme scans in 10 volt steps up to final voltage and waits 30 
seconds between steps plotting the current at each voltage. At the final 
voltage the programme measures 10 current readings at 1 minute steps. 
VELO Module Production - Sensor Testing Reference:  LHCB 2007-072 
LHCB Technical Note  Revision:  1 
Issue:  Draft Last modified:  20th September 2007 
Electrical Testing 
 
  page  8  
9. At the end of the IV sequence:    
 Window appears with return button.    
 Press return        
  enter detector number into file name in window  
  press save to file: (detector number)_iv.txt  
10. Press exit:  programme slowly ramps voltage down.   
          FINISHED when voltage = 0.0    
          copy output _iv.txt file to floppy 
11. Update traveller 
3.3.2. Time Allocated 
The time allocated for this procedure was 50 minutes per sensor. 
3.4. I-C current/capacitance per strip scan 
3.4.1. Instructions  
1. Ensure number tag is place 
2. Start Galaxy on the computer if it is not already running. 
3. Disconnect the rear flying lead from cable 2 connected to High 1 and 
connect it piggybacked to cable 1 connected to Low 1. The wiring should 
then be as shown in Figure 3. 
 
Figure 3: Probe station wiring for I-C scan 
4. Move the chuck/detector slowly using the joystick to a position under the 
microscope making sure that the flying leads do not foul or catch the probe 
head or anything else.  
5. select: national inst labview6i 
6. open vi: probe device_vi.4.3vi 
7. start (click the run button) 
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8. function button: load new device 
9. enter detector serial number e.g. 2323-16C. Check the number tag 
matches the number you have entered. 
10. first load device: enter coordinate file (N.B. move up the library 
hierarchy to the coordinate folder) suitable co-ordinate files are either: 
pr04 phi or pr04 r 
11. align detector: 
• ensure that the motion controls are set to 3 (slow x, y); 24 (fast x, y);    
5 (slow z); and 490 (fast z) 
• first request: (first alignment mark, at left side of detector) Scan to the 
four-circle mark (use high magnification on the microscope for 
accurate alignment); ensure that the probe needle is just in contact 
with the centre of the mark; click finish 
• second request: (first alignment mark, again) This measurement 
records the x, y coordinates of the first alignment mark (The previous 
measurement recorded the z coordinate). The probe needle should be 
lowered 1960 microns (four drops of 490 microns) to prevent it from 
getting out of range: click finish [Note: a safe way of lowering the 
probe needle by about 2mm (2000 microns) is as follows: 
a. check that the height display shows approximately 2000 
b. check that the substrate is completely out of focus on the visual 
display 
c. lower the probe needle by three steps of 490 microns 
d. wait for a slow count of three to ensure that the stage has 
finished moving 
e. check that the height display is approximately 500 
f. check that the substrate is still well out of focus 
g. lower the probe needle by one step of 490 microns 
h. switch to fine adjustment: 5 microns 
i. observe the visual display and continue to lower the probe 
needle in 5 micron steps until the needle just contacts the 
substrate, which should then be in focus 
• third request: (second alignment mark, at right side of detector): 
Switch the microscope to low magnification; use the joystick to move 
the probe needle around the bond wires to a position well to the right 
of the bond wires; scan to the centre of the four-circle mark at right 
corner of detector; click  finish 
12. Reinitialise Agilent 4284A CV meter:  
• set local control:  (LCL button on far right of 4284 front panel) 
• the variables on the front panel can now be set using arrow buttons 
and the buttons on the side of the display for data entry. 
• The display should be set to give the following settings:  
FUNC: CS-RS         RANGE:AUTO   
FREQ: 10.0KHZ       BIAS: 0.0V   
LEVEL: 2.0V         INTEG: MEDIUM 
13. Calibrate Agilent 4284A CV meter: 
• press measure setup button 
• press correction button at side of display 
• using arrow buttons scan to: OPEN   
• then: MEASURE OPEN (press button at side of display) 
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• wait until calibration sequence is finished then press display format 
button to return to standard display   
14. At probe station control toggle grey chuck lift control box at bottom of 
display until: CHECK LIFT BEFORE EACH SCAN is shown in grey 
box  
15. enter detector channels to scan (numbered from 1 to 2048) 
16. Function button: select perform scan 
17. the computer then asks to touch to detector surface/first pad(it is not 
necessary to scan to the first pad, just touch the needle to the detector 
surface and click finish)  
18. The detector is now scanned by programme. 
19. At the end of the scan the window displays a request:   
 save or not save the data.     
 click save data  
3.4.2. Time Allocated 
The time allocated for this procedure was 7 hours per sensor. 
3.5. Inspect results of scan   
3.5.1. Instructions     
1. Identify bad channels; these are channels with a high resistance, or 
channels with a capacitance reading or current different from the expected 
value. The capacitance of each channel on an r sensor should be similar to 
the capacitance of neighbouring strips (except where there is an obvious 
step corresponding to a change in geometry.) The capacitances of strips on 
a phi sensor should form characteristic W shapes. 
2. Rescan those bad channels. 
3. If there is no improvement then re-scan the strip again to ensure that there 
is a genuine fault. 
4. After rescanning all bad channels save data and close programme. 
5. Clean up the hard disk space by removing intermediate re-scanned files 
but be sure to leave the final scan on disk.  
6. Copy the final data file to a floppy which should be labelled with the 
correct device number 
7. Update traveller 
3.5.2. Time Allocated 
The time allocated for this procedure was 2 hours per sensor. 
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3.6. CV measurement  
3.6.1. Instructions   
1. Open probe station door. 
2. Move the chuck/ stage clear of the probe needle using the joystick 
3. Disconnect the rear flying lead which is piggybacked to cable 1 connected 
to Low 1 and connect it to cable 2 connected to High 1 
4. Move cable 2, the back plane BNC cable, from the BNC T connector 
(High 1 label) to the BNC connection directly below (High 2 label). 
5. Move cable 1, the front contact BNC cable, from the Low 1 label to the 
BNC connection directly below (Low 2 label). 
6. Close the probe station door  
7. Switch off the probe station lights and the microscope light. 
8. Connect the four BNC output cables A1, A2, A3, and A4 from the Agilent 
4284A CV analyzer to the CV box on top of the analyser. Connections are 
numbered 1, 2, 3, and 4 and should be connected to the CV HT box in the 
same sequence. 
9. Connect S3, the spare +ve HT lead with a yellow label, to the CV box. (It 
is at the side of the CV HT box). Final wiring shown in Figure 4. 
 
Figure 4: Probe Station wiring for CV scan 
10. Set the Keithley 487 on manual / local control by pressing Local, Setup, 
Left Arrow (shows “multiple”), Setup, Setup, Setup, Setup (shows “------
nA“), Trigger (shows a valid current), Left Arrow, Left Arrow, Left Arrow 
(unit digit should flash) 
11. Set the Agilent 4284A CV analyser to manual / local. 
12. Check the 4284 has 10 KHZ frequency and 2 volts drive voltage 
13. Record the temperature and humidity. 
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14. Start manual scan of CV at +10 volt steps (i.e. change the voltage by ten 
1V steps between readings) up to +100 volts then 20 volt steps up to +160 
volts. 
15. Update traveller 
16. Run voltage back to zero 
3.6.2. Time Allocated 
The time allocated for this procedure was 20 minutes per sensor. 
3.7. Reset probe station back to original conditions 
3.7.1. Instructions  
1. Remove S3, the HT cable with a yellow label, from the CV HT box 
2. Remove the 4284 output cables A1, A2, A3, and A4 from the CV HT box 
and connect them back to the Pickering interface in the sequence 1, 2, 3, 4 
starting from top left to bottom right 
3. Open probe station door 
4. Move BNC cable 2 from the High 2 connection at the probe station wall to 
the High 1 connection. 
5. Move BNC cable 1 from the Low 2 connection at the probe station wall to 
the Low 1 connection. 
3.7.2. Time Allocated 
The time allocated for this procedure was 5 minutes. 
3.8. Final IV scan  
 
This is the same procedure as for the first IV scan. All wires should be correctly 
positioned. Check especially that the final two steps from the preceding section have 
been performed. Remember to perform the scan with the probe station lights off and 
with the microscope light off.  
 
This step was introduced to detect if any of the previous tests had adversely affected 
the IV of the sensor. 
3.8.1. Time Allocated 
The time allocated for this procedure was 50 minutes 
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4. Dismounting and storage 
4.1.1. Instructions  
1. Use tweezers to remove the bonds. Discard the bond wires in the sharps 
box. 
2. Remove the detector from the carrier and replace in the original labelled 
Micron transparent plastic box between filter papers.  
3. Replace the box in the storage cupboard in the drawer marked “PR04 phi 
sensors” or “PR04 r sensors” in the cabinet marked “STORAGE 
CABINET” near to Probe Station 1 in Room G16 on the plan of the Clean 
Rooms. Sensors are stored in numerical order from left to right, and from 
back to front in the drawer. 
4. Fill out the detector data sheet with measurements completed. 
4.1.2. Time Allocated 
The time allocated for this procedure was 5 minutes. 
5. Data Entry for Electrical Tests 
5.1.1. Instructions  
1. Take floppy with results from measurements and transfer to data base 
using the computer next to the Hess and Knipps bonder 
2. Login. Select “PR-04” under “Sensor”. 
3. Select “Update” against the sensor number of the sensor you are 
examining 
4. Browse to the file generated by the IV test alongside test type “IV”.  
5. Browse to the file generated by the CV test alongside test type “CV” 
6. Browse to the file generated by the strip scan alongside test type            
“I-C_S”. 
7. Select “Update Sensor tests”. 
8. Update traveller 
5.1.2. Time Allocated 
The time allocated for this procedure was 10 minutes. 
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6. Test Result Summary 
6.1. Phi and R detectors 
In total, 70 R and 70 Phi PR-04 sensors of 300 microns thickness were delivered for the 
main production. (Two additional R sensors were received for irradiation tests after 
production and are not included here.) All the test data, including temperature and 
humidity conditions are available from [5]. Data from the production are summarized 
below.  
6.2. Weight Measurements 
The first PR-04 sensors were 200 µm thick, however for production we chose to use 300 
µm thickness sensors. Every sensor was weighed accurately as part of its QA in the 
reception process. Knowing the exact shape to which the sensors are cut, and the density 
of silicon, it is possible to compute a thickness from the mass measurement. The 
calculated thickness from the mass for the nominally 300 µm production sensors, for 
different batches, is shown in Figure 5. There are clearly small variations between 
different wafer batches. The delivered thickness was largely within tolerance (10µm). No 
detectors were rejected due to deviations from the nominal thickness. 
 
Figure 5 Graph of the thicknesses of the sensors received from Micron. There is 
substantial variation (7µm) in the spread. The additional thickness (over 300 
microns) is partially due to the processing. 
6.3. Smartscope Metrology 
6.3.1. Curvature Measurements 
The silicon sensors were roughly semi-circular in shape, when placed free standing on a 
flat surface, there is a tendency for the silicon to bow. The height of the surface of the 
silicon was measured on a grid of points across the surface of the silicon. The maximum 
variation in the height measured, gives a measure of the amount of bowing of the silicon 
(called the sagitta). The vast majority were in the range 90-150µm as shown below in 
Figure 6.  
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Figure 6: Distribution of “sagittas” for the R and Phi sensors. Fits to simple 
Gaussians are also shown. The R detectors have a mean curvature and sigma of 
118±9µm, and the Phi sensors 114±13µm.  
For both sensors types the mean and sigma of a Gaussian fit is approximately 115±11 
µm. The Phi sensors have a broader distribution. It should be noted that these numbers 
were extracted from the data after excluding anomalous measurements (from 
misfocussing). 
6.3.2. Contour Measurements 
The two types of sensors (R and Phi) had detailed specifications of the final cut shape. 
The R sensors had 14 straight edges plus a circular arc at the centre and the Phi sensors 
had 19 straight edges plus a circular arc at the centre. These are shown in                
Figure 7. 
  
               Figure 7: The edges for the R (left) and Phi (right) sensors 
The Smartscope had the facility to detect and follow edges and to measure (X, Y) co-
ordinate pairs. This was done for every sensor and approximately 4500 co-ordinate pairs 
were measured and logged in a file uploaded to the database. The database software 
fitted the measured points to the known nominal shape and provided minimum and 
maximum residuals for every edge. The quality of the cut edges was also excellent with a 
typical rms of the edge of <10microns, see Figure 8 and Figure 9  
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Figure 8: Average residual and the rms (shown as error bars) on the cut edges of 
the Phi sensors. 
 
Figure 9: Average residual and the rms (shown as error bars) on the cut edges of 
the R sensors 
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            Figure 10: Distribution of Silicon centre deviations from nominal from the contour fit. 
The QA requirement was that no straight edge could be more than 35µm above tolerance 
or less than -75 µm below tolerance. The circular arc could be no more than 85µm above 
tolerance or less than -135 µm below tolerance. Any failing edges were flagged by the 
software [1]. After batch 2313 when the manufacturer changed cutting procedures the cut 
quality was excellent. The fit also calculated the position of the centre of the silicon, 
nominally (0, 0). The distributions of the displacements from nominal (in x and y) are 
shown in  
            Figure 10. The mean position of the centre over all sensors was (3, 0) µm with an 
RMS of 18µm shown in Figure 11. The rotations were typically of the order of 
10µradians and thus negligible.  
The vast majority of sensors that lay outside of original QA specifications were not 
rejected as the large sides were typically not in a region where they would interfere with 
the LHCb RF foil and were still substantially away from the guard ring structures. There 
is no evidence to connect high leakage currents with the edge cutting. 
For 5 sensors that did have sides that were cut too large in the sensitive foil region these 
were sent back to Micron for re-trimming and these were returned within specifications. 
Thus no sensors were rejected due to their dimensions or cut quality. 
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Figure 11: 2D distribution of (dx, dy) from the cut silicon contour, relative to 
nominal. 
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6.4. Initial IV Measurements 
One of the most critical measurements is the IV measurement, which gives the total 
current in the sensor. For these tests bulk and guard ring current were not separated. As 
discussed above the measurements were made several times for each detector in an 
attempt to discover if repeated testing (e.g. for capacitance) was not damaging the 
sensors. Earlier prototype testing had revealed flaws in the voltage source which had 
placed voltage “spikes” on the sensors. Some of the early sensors showed large current 
increases due to this fault. Sensors were not, initially, deemed suitable for use in LHCb if 
currents exceed 100µA at or below 350V.  
   
Figure 12: A plot that superimposes all the final IV curves for all the sensors.  
The IV measurements from all PR-04 production sensors have been superimposed and 
are show above, Figure 12. They generally show a sharp rise (up to depletion voltage) 
followed by a more gradual rise, with significant variability in the gradient. The data are 
shown below separated by R and Phi sensor types below. The majority of sensors have 
maximum current < 10µA at 350V. 
Some of the sensors exceed, on the final IV, our initial limit of 100 µA. In all cases these 
had been accepted because the VELO sensors that did exhibit these high currents were 
not used in final modules. 
Sensor currents can be shown for both R and Phi type sensors separately. These are 
shown in Figure 13 and Figure 14. No particular distinguishing features can be observed 
between the two plots. The current rises rapidly until the depletion voltage is reached. 
Thereafter it rises more slowly. The final maximum current at 350V has been compared 
to the rate of rise over the range 150V-250V and is shown in Figure 15 . The linear 
relationship between projected and measured currents indicates that the vast majority of 
sensors have a quasi-ohmic behaviour at large bias current.  The average current and 
standard deviation as error bar are shown for each batch in Figure 16. 
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Figure 13: IV for all the production R sensor. 
 
Figure 14: IV for all the production Phi sensors. 
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Figure 15: Plot of projected bias currents against the measured bias currents at 
350V. Solid points are the data for the sensors used in production. The empty 
circles are for the remaining sensors. 
 
      
Figure 16: Distribution of average (and stdev) currents for the different 
wafer batches.  Data for production modules is show in red. 
6.5. CV Measurements 
A capacitance-voltage scan was done for each sensor, to determine the depletion voltage. 
The data were logged into the database and were then analysed by the database software 
to provide graphical representation of the data and a determination of the depletion 
voltage. 
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                Figure 17: Distribution of the 1/C
2
 curves. Different batches are coloured differently. 
 
Figure 18: Distribution of depletion voltages. Three groupings around 30V and 50V 
and 60V are suggested by the data. 
The plot of 1/(Capacitance)2 plateaus when the depletion voltage is achieved and is 
shown in                 Figure 17. Different populations can clearly be seen and these 
correspond to different production batches and wafers. The distribution of depletion 
voltages, for R and Phi sensors with batch number is shown in Figure 18.  
6.6. I-C Current/Capacitance per Strip Measurements 
Each of the sensors (both R and Phi types) has 2048 strips. Every strip was probed and 
the capacitance and current was measured and the data were logged into the database. 
The database software analyses these data and flags channels that have either the 
capacitance or the current outside an expected range. A strip was tagged as bad if the 
capacitance was > 5sigma from that expected or if the current was > 1µA. 
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Figure 19: Capacitance scan on strips for detector 2392-14D – an R detector. 
Plotted are the residuals after fitting the curves. These are very small compared to 
the actual measurements. 
The measured capacitance per strip is a strong function of the detector geometry and the 
Phi and R sensors have unique profiles. The profile for the R sensor is shown in Figure 
19 and a partial profile for a Phi sensor is shown in Figure 20.  
VELO Module Production - Sensor Testing Reference:  LHCB 2007-072 
LHCB Technical Note  Revision:  1 
Issue:  Draft Last modified:  20th September 2007 
Test Result Summary 
 
  page  24  
 
Figure 20: Part of a capacitance scan on strips for detector 2428-12B – a Phi 
detector. Plotted are the residuals after fitting the curves.  
For each of the sensor types the capacitances “shape” may be fitted to a quadratic form 
in limited regions. The different types of strips in the phi sensors require that the 
different strips (inner, outer, and outer with routing line) are fitted separately. The 
residuals to each one of these fits can then be examined to look for outlying or bad 
capacitance strips. Typically shorts between strips give rise to two strips with almost 
identical high capacitances. Broken strips can give rise to either low or high capacitance 
readings depending on the response of the capacitance bridge.  
The residuals to the piece wise quadratic fits performed for the R sensors (Figure 21) 
displays a clear four fold structure that was not anticipated.  
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Figure 21: Scaled Residuals (resididual/(rms residuals) ) for the raw R-detector 
plots. Note the 4 fold structure. 
This reflects an effect due to the local geometry of the detector, which can be traced to 
the structure of the layout of the routing of the readout lines. Due to the confines of the 
space (strips had 40 µm pitch) the readout lines were distorted in a pattern that repeats 
modulo 4 and are shown in Figure 22. 
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By subdividing the strips into four categories and refitting the quadratics the structure in 
the scaled residuals can be removed as shown below in Figure 23. 
 
Figure 23: Scaled residuals for the R-detector. This time the substructure has been 
removed by dividing the strips up into 4 subgroups (mod 4).  
The number of bad capacitance channels is measured by Micron before despatch to 
Liverpool and re-measured at Liverpool, see  
Figure 24.    
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Figure 24: Bad capacitance strips measured at Micron Semiconductor and   
Liverpool. The points in black were from sensors used in production. 
As well as bad capacitance strips, individual strips were also labelled as being bad if 
their current measured at 40V in the dark was above 1µA. The distribution of currents 
for both the R and Phi detectors are shown in Figure 25 and Figure 26.  
 
Figure 25: Distribution of currents in strips on the phi detectors. 
 
Figure 26: Distribution of currents for the R-sensors. Strips that already had a bad 
capacitance are not plotted, 
The total number of problem channels for QA purposes was required to be less than 1%, 
i.e. 20 or less. A total of 8 sensors (6%) failed this requirement. There was an average of 
8 bad strips per sensor for all sensors received and approximately 6 for those used in the 
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production – see Table 1 and Figure 27. In production the number of failed strips per 
sensor at sensor qualification was therefore 0.3%. 
#sensors Average StDev 
A 27(17) 8.5(5.8) 7.3(3.6) 
B 22(14) 7.4(5.7) 7.3(4.1) 
C 22(14) 6.9(5.6) 7.3(5.2) 
D 32(19) 9.4(5.9) 10.3(4.7) 
E 37(26) 7.7(6.2) 6.2(5.3) 
Table 1: Numbers of bad strips found per sensor type (A-E). Phi sensors are A, B, 
C and R sensors are D and E. In brackets are the numbers for the subset used in 
production. An average of only 0.2 strips per sensor was tagged as bad due to 
high currents. 
 
Figure 27: Distribution of bad channels in the LHCb sensors. Solid coloured are 
the sensors selected for the production of modules. 
6.7. Strips Problem 
Some of the “bad” strips were clearly shorted. This is manifest by two or more strips 
having almost identical capacitance, and this capacitance being approximately the sum of 
that expected from individual strips. 
6.7.1. Shorted strips as a function of mask position (mask errors) 
The R and Phi sensors are produced on different masks. On each R mask (wafer) there 
are two identical sensors produced. The position they are produced on the mask is 
labelled D and E. For the Phi sensors there are three different possible production 
positions on each wafer labelled A, B and C. The average number of bad strips does not 
depend heavily on the mask, See Table 1.  
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Further analysis of the bad strips was made to investigate if there were bad “areas” or 
other features on the mask set that correlated with bad strips. 
On two of the earliest sensors detectors 2313-07C and 2313-16C large area shorts (7 
strips) were found in identical positions (strips 89-99) on the Metal-1 layer only. This is 
consistent with their being a mask imperfection early in the production. However in 
subsequent fabrication this error was removed and neither of these sensors was used for 
production 
6.7.2. Bad strips as a function of mask (repeating) structures 
The R and Phi sensors are both complex and have repeating structures. For the Phi 
sensors the design repeats every 6 strips (Figure 28) whereas for the R sensor the design 
repeats every 512 strips. (i.e. per quadrant).  
 
Figure 28: Numbering scheme for the short analysis on the Phi sensor. The pattern 
repeats every 6. Strips 2 and 4 are inner strips. 
5 0 0 0 2 17  
4 1 0 3 0   
3 0 3 0    
2 2 9     
1 1      
0       
0 1 2 3 4 5 
Table 2: Numbers of shorts between different strips, within the 6 fold pattern, on 
the phi detector in the total sample. Probability for a single strip being shorted is of 
the order of 0.01%. 
For both the R and Phi detectors sets of strips where two and only two strips were 
“shorted” were identified. For the phi detectors these were deemed to be strips with close 
capacitance readings (<0.05pF) and no more than 6 strips apart. 
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Within the statistics available data show the enhanced probability of the inner strips 
shorting to the outer strips over which their Metal 2 is routed.  
For the R-detectors the pattern only repeats every 512 strips, in addition the pattern is 
actually mirrored every 512 strips. Nevertheless one can look for shorts. About 75% of 
shorts on the R-detectors are between strips that are read out on adjacent pads. The 
remainder are shorts to non-adjacent strips, these can occur when a strip crosses and 
shorts to the readout line of a distant strip. Figure 29 shows the correlation between 
shorted strips. The diagonal feature is due to shorts between adjacent strips. 
 
Figure 29: Shorts on the R detectors. The majority are read out on adjacent pads. 
6.8. Final IV Measurements 
After all testing the IV tests were repeated in order to check that the detectors had 
remained unaffected by the procedures themselves. The ratio of the currents could then 
be examined and shown in Figure 30 for all sensors. The ratio of currents is 
approximately 1. At 300V the distribution is shown explicitly in Figure 31. The average 
increase is approximately 6%.  
Voltage
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Figure 30: Ratio of currents between final and initial sensors tests as a function of 
Voltage. 
 
Figure 31: Ration of currents on sensors before and after testing at 300V. On 
average there is a 6% increase in current. 
7. Summary  
7.1. Sensor Failures 
In the section above we have described the different tests performed. Out of 140 sensors 
received as part of the main production, including the initial 2313 batch, problems were 
seen in the edge cutting, IV and capacitance per strip. Only the IV and capacitance per 
strip led to any failures and of these the most serious were the IV failures.  
In addition to these failures four sensors were lost due to handling errors. These were in 
batches for irradiation (not actually part of the main stream) and were not damaged 
during normal procedures for testing or QA. Thus our losses during testing from QA 
were approximately 10%. 
 Failed QA Recovered Total Fail  Fail 
Visual 0 0 0 0% 
Thickness 0 0 0 0% 
Cutting 18 18 0 0% 
IV 12 4 8 6% 
I-C/Strip 8 0 8 6% 
Handling   4 3% 
Total   20 14% 
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      Table 3: Tables of failure from different causes for detectors 
7.2. Comparison of production with original specifications 
The original specification document (see Appendix D) contains a large number of 
parameters. Differences in procedure and delivery from the specification document, as 
the process evolved, are enumerated below in         Table 4.  












Mechanical            
Chips Cracks < 50 µm    Yes Yes No No Sensor 
Tol.
outer 
Straight Edge < 35 µm    Yes Yes No No Sensor 
Tol.
inner
 Straight Edge < 75 µm    Yes Yes No No Sensor 
Tol.
outer
 Inner Radius < 85 µm    Yes Yes No No Sensor 
Tol.
inner
 Inner Radius < 135 µm    Yes Yes No No Sensor 
Thickness ~ 200 µm  Yes 300µm Yes Yes No No Sensor 
Uniformity thickness < 15 µm    Yes No No No Sensor 
Flatness < 200 µm    Yes Yes No No Sensor 
Pull Strength > 10 g    Yes Yes No No Batch 
Electrical            
Rn-implant < 40 Ω/    Yes Yes Yes No Batch 
RMetal 1 < 42 mΩ/     Yes Yes Yes No Batch 
RMetal 2 < 18 mΩ/     Yes Yes Yes No Batch 
Rbias ~ 16.5 kΩ/ 1.8MΩ   No Yes Yes No Sensor 
Rinterstrip > 3.6 MΩ    No No No  Strip 
Cinterstrip < 15 pF  10KHz    No No No Batch 
Ccoupling > 10 pF/cm 10KHz    No No No Batch 
Vdep < 150 V 200µm   Yes Yes Yes Yes Sensor 
Ileakage < 20 µA 150V Yes 100µA  Yes Yes Yes Yes Sensor 
Vbreakdown > 500 V 300µm Yes >350V Yes Yes Yes Yes Sensor 
Ileakage in Vac < 5 µA 72 hours   Yes Yes Yes Yes Batch 
SiO2 (M1-M2) > 3.5 µ     No No No Batch 




    Yes No No No Batch 
Strips           
Fraction OK > 99 %    Yes Yes Yes Yes Sensor 
Istrip < 1 nA 40V   Yes Yes No No Sensor 
Cstrip < 20 % nominal   Yes Yes Yes Yes Sensor 
        Table 4: Summary of production criteria from Appendix D.  
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The nominal values are given. In addition the column “Cond. met,” indicates whether or 
not specified conditions were met. The table also contains a list of whether test were 
performed (at Liverpool) and if tests were required by the manufacturer and if so was 
data required, Darker (red) shaded squares represent areas of concern or data that should 
be available that are not. 
The data show that largely the original specifications were met by the manufacturer. In a 
few cases data required were not systematically made available (i.e. data on values of 
resistances from test structures). Ideally more tests would have been performed at 
Liverpool to check the quality of the detectors. In particular the measurements of 
interstrip capacitance and coupling capacitance are missing. Any further VELO 
production would require tighter control on this. 
For the test structures provided by the manufacturer resistances of the aluminium, 
implant and polysilicon could be made. These are shown in Figure 32. The most 
noticeable feature is a drop in the polysilicon resistances after series 2392. It is estimated 
the ~400kOhm resistance measured for the bias resistors will only increase the noise in 
sensors by about 20e-. 






























































































Metal 2 Resistance 
Implant Resistance
Polysilicon Res. R
Polysilicon Res  Phi- Outer 
Polysilicon Res Phi-Inner
 
Figure 32: Distribution of resistances from test structures provided by the 
manufacturer. The data are plotted relative to nominal (i.e. 1.0). The only major 
anomaly observed is the drop polysilicon resistance to about 30% of nominal 





VELO Module Production - Sensor Testing Reference:  LHCB 2007-072 
LHCB Technical Note  Revision:  1 
Issue:  Draft Last modified:  20th September 2007 
References 
 
  page  34  
8. References 
1. Patel, G.D., et al., VELO Module Production - Quality and Process Control. LHCb 
Internal Note, 2007(088). 
2. LHCb VELO sensor reception, http://hep.ph.liv.ac.uk/lhcb/html/video_gallery.html 
3. Lockwood, M., et al., VELO Module Production - Clean Room Procedure. LHCb 
Internal Note, 2007(070). 
4. LHCb VELO Sensor Electrical Testing, 
http://hep.ph.liv.ac.uk/lhcb/html/video_gallery.html 
5. LHCb VELO production database, http://hep.ph.liv.ac.uk/lhcb/html/database.html 
 
VELO Module Production - Sensor Testing Reference:  LHCB 2007-072 
LHCB Technical Note  Revision:  1 
Issue:  Draft Last modified:  20th September 2007 
Traveller Sheet 
 
  page 35 
Appendix A Traveller Sheet 
 
             Liverpool LHCb Sensor Data Sheet
Sensor label date arrived 
Type PR04 Thickness                  um from mass
Location Liverpool
initials date          resistor value
Wafer test structures
Micron data





Visual inspection: strip side
Visual inspection: reverse
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Appendix B Summary of Sensors from Database 
Wafer 
ID d  
(µm) 















2313-07 A 310 P 7  9 80 21 13   220  19 0 7 100 
2313-07 B 311 P   264 60 13 4 1 1 106 -121 20 0 6 -10 
2313-07 C 311 P 53 23 103.22 60 32 14 0 0 94 -10 0 0 -4 100 
2313-16 A 309 P      3   90  19 0 3 -7 
2313-16 B 307 P   16.73 60 3 1 0 0 104  20 0 6 -10 
2313-16 C 309 P   3.56 60 85 15 0 0 104  20 0 6 -10 
2313-17 A 311 P 84 36 87.98 60 21 5 0 0 94 -14 0 0 7 100 
2313-17 B 311 P   9.88  251 28   105  19 0 -5 -5 
2313-18 A 309 R 8  7.37 55 13 16   100  14 0 7 100 
2391-02 B 309 P   106.98 50 4 6 3 3 103 -4 0 0 -4 7 
2391-02 C 309 P 70 21 77.74 60 6 14 0 0 96 -4 0 0 7 100 
2391-04 E 306 R 84 36 14.78 60 3 3 0 8 110 -2 0 0 7 100 
2391-10 A 315 P 65  103.17 70 9 9 1 1 105 -3 0 0 -4 100 
2391-11 A 309 P 82 35 93.83 60 9 7 0 0 109 1 0 0 7 100 
2391-11 C 309 P 112 59 1.56 60 13 8 1 2 102 -8 0 0 7 100 
2391-14 D 309 R 53 23 102.86 70 9 11 0 0 109 -40 0 0 -4 100 
2391-14 E 310 R   110.78 70 6 6 0 1 105 -32 0 0 -4 -8 
2391-20 D 309 R 129  4.97 70 4 7 2 2 117 2 0 0 7 100 
2391-22 D 312 R   89.64 70 6 7 0 0 112 -3 0 0 6 -8 
2391-24 D 309 R 32  4.69 70 2 29 3 3 122 2 0 0 -5 100 
2391-24 E 309 R 121 60 3.3 70 6 5 0 0 111 4 0 0 7 100 
2392-02 A 308 P 113 62 1.94 60 0 0 0 0 100 -2 0 0 7 100 
2392-02 B 307 P 79 32 47.42 60 6 6 0 0 105 -5 0 0 7 100 
2392-06 A 309 P 121 60 1.75 70 1 2 0 0 96 -7 0 0 7 100 
2392-06 B 309 P 115 64 2.94 70 3 2 0 0 94 -13 0 0 7 100 
2392-06 C 308 P 62  50.02 60 1 1 0 0 120 -1 0 0 7 100 
2392-10 A 308 P   4.75 60 0 0 0 0 102 -6 2 0 -3 -9 
2392-10 B 307 P 99 58 3.9 60 2 2 0 0 112 2 0 1 -3 100 
2392-14 D 313 R 62  100.48 60 0 1 1 5 114 -3 2 2 -4 100 
2392-16 D 312 R 82 35 12.89 70 18 18 0 1 107 -7 0 0 7 100 
2392-17 E 313 R   100.78 60 9 8 0 0 106 0 0 0 -4 -8 
2392-20 D 312 R 79 32 4.05 70 22 11 0 0 109 2 0 0 7 100 
2392-23 E 312 R 99 58 3.15 70  8 0 0 111 0 0 0 7 100 
2395-13 D 303 R 114 63 4.3 50 2 2 0 11 108 -4 0 0 7 100 
2395-13 E 303 R 113 62 3.81 50 2 2 0 0 109 -1 0 0 7 100 
2395-19 E 310 R 122  46.76 20 4 4 0 0 105 0 0 0 7 100 
2395-20 E 312 R 115 64 5.75 40 1 3 0 0 101 -1 3 6 -3 100 
2395-23 E 314 R 125 73 3.54 40 4 5 0 0 113 -4 2 4 -3 100 
2395-26 B 299 P 122  2.95 50 13 15 2 3 119 -8 0 0 7 100 
2395-27 C 299 P 132  24.11 20 17 17 1 1 116 -10 0 0 7 100 
2395-28 A 298 P   2.22 50 20 24 4 4 118 -18 0 0 -5 -9 
2395-28 B 298 P   12.38 50  9 2 2 123 -6 0 0 6 8 
2395-30 A 304 P 119 71 13.15 60 1 2 0 0 116 0 0 0 7 100 
2395-30 C 303 P 130  6.15 60 0 3 0 0 111 5 3 7 -3 100 
2395-31 A 305 P 118 74 4.02 60 0 6 3 3 125 -4 0 0 7 100 
2395-31 B 306 P 116 7 4.64 60 2 9 1 1 124 -13 0 0 7 100 
2395-31 C 305 P   37.05 60 2 7 1 1 102 2 3 7 -3 8 
2395-32 A 304 P 120 72 2.69 60 0 2 0 0 135 -4 0 0 7 100 
2395-32 B 303 P 127 4 2.57 60 1 9 1 2 106 -9 0 0 7 100 
2395-32 C 305 P 125 73 3.23 60 3 5 0 1 108 -3 0 0 7 100 
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2395-35 A 299 P   3.35 50  15 0 0 123 3 5 7 -3 8 
2428-09 A 306 P 87 48 9.86 50 3 6 0 0 112 -16 0 0 7 100 
2428-09 C 305 P 95 54 7.84 50 2 2 0 0 115 -16 0 0 7 100 
2428-10 A 306 P 73 33 2.24 50 9 9 0 2 111 -6 0 0 7 100 
2428-11 B 304 P 68 29 2.57 50 3 6 3 5 127 -20 0 0 7 100 
2428-12 A 306 P 106 55 11.33 50 1 5 2 5 148 -11 0 0 7 100 
2428-12 B 306 P 96 53 18.25 50 1 1 0 1 141 -9 0 0 7 100 
2428-12 C 306 P 107 56 3.33 50 1 0 0 0 136 -19 0 0 7 100 
2428-16 D 297 R 73 33 2.66 50 8 10 0 1 114 -8 0 0 7 100 
2428-18 D 300 R 56 27 10.71 50 11 12 0 0 119 -9 0 0 7 100 
2428-18 E 300 R 70 21 2.62 50 15 15 0 0 124 -10 0 0 7 100 
2428-20 D 308 R 107 56 2.06 50 1 1 0 0 128 -3 0 0 7 100 
2428-20 E 308 R 95 54 4.07 50 2 2 0 0 125 -2 0 0 7 100 
2436-02 D 309 R 109 57 2.31 50 6 7 0 0 116 -7 0 0 7 100 
2436-02 E 308 R 87 48 6.06 50 6 7 0 0 125 -9 0 0 7 100 
2436-04 E 309 R 78 30 2.74 50 8 14 0 1 108 -8 0 0 7 100 
2436-05 D 304 R 96 53 4.1 50 1 1 0 0 141 -12 0 0 7 100 
2436-05 E 304 R 106 55 2.92 50 1 1 0 0 134 -9 0 0 7 100 
2436-07 D 305 R 72  2.64 50 10 10 0 0 155 -12 0 0 7 100 
2436-07 E 305 R   54.58 50 3 4 0 0 150 -5 0 0 6 -8 
2436-10 E 308 R 65  102.85 60 14 19 0 0 113 -9 0 0 -4 100 
2436-12 E 303 R 130  2.73 20 14 14 0 3 118 -3 0 0 7 100 
2436-14 B 302 P 109 57 5.57 50 2 2 0 0 114 -14 0 0 7 100 
2436-14 C 303 P 72  8.06 50 7 6 0 0 107 -18 0 0 7 100 
2436-15 C 304 P 114 63 10.13 60 4 0 0 0 105 -9 0 0 7 100 
2436-16 C 303 P 85 38 16.06 50 1 1 0 0 108 -17 0 0 7 100 
2436-17 A 303 P 78 30 64.58 50 9 8 0 0 118 -13 0 0 7 100 
2436-18 A 305 P 56 27 8.76 50 14 14 0 0 116 -16 0 0 7 100 
2436-22 D 310 R 85 38 11.86 50 2 4 0 0 112 -9 0 0 7 100 
2436-23 D 311 R   100.87 50 43 43 0 0 111 -7 0 0 -5 -8 
2439-02 A 299 P 32  1.42 20 30 30 0 9 123 -13 0 0 -5 100 
2439-04 A 301 P 83 44 2.47 20 3 6 1 4 141 -13 0 0 7 100 
2439-04 B 301 P 97 52 2.4 30 3 3 0 0 139 -12 0 0 7 100 
2439-04 C 301 P 88 45 2.4 20 5 5 0 1 137 -9 0 0 7 100 
2439-05 A 303 P 67 37 3.88 30 9 10 1 1 104 -9 0 0 7 100 
2439-05 B 304 P 93 42 1.89 30 7 8 0 0 114 -5 0 0 7 100 
2439-05 C 304 P 64 31 4.17 30 8 11 3 4 112 -7 0 0 7 100 
2439-06 A 299 P 105 51 2.88 30 2 2 0 0 107 -5 0 0 7 100 
2439-06 B 299 P 55 24 104.19 30 1  0 0 108 -4 0 0 -4 100 
2439-08 A 298 P 75 41 1.83 20 7 8 0 0 117 -14 0 0 7 100 
2439-08 B 299 P 102  2.04 20 3 3 0 0 118 -19 0 0 7 100 
2439-08 C 299 P 89 47 1.99 20 5 5 0 0 115 -13 0 0 7 100 
2439-09 A 302 P 103  5.3 20 2 2 0 0 99 -2 0 0 7 100 
2439-09 B 303 P 104 50 3 20 2 2 0 0 98 -13 0 0 7 100 
2439-09 C 302 P 94 61 2.15 20 0 0 0 0 103 4 5 9 -3 100 
2439-10 A 298 P 126 75 82 30 7 8 1 1 114 -7 0 0 7 100 
2439-10 B 298 P 135 5 2.18 30 8 10 1 1 116 -5 0 0 7 100 
2439-10 C 298 P   102.97 30 5 5 0 0 124 -12 0 0 -4 -9 
2439-11 C 302 P 101 49 3.1 20 2 2 0 0 111 -14 0 1 -3 100 
2439-12 B 299 P 69 25 1.8 20 13 14 1 2 134 -6 0 0 7 100 
2439-12 C 299 P 71 28 1.9 20 9 11 0 2 126 -1 0 0 7 100 
2439-15 D 300 R   20.22 20 14 15 0 0 116 -11 0 0 6 8 
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2439-15 E 300 R 138  2.4 20 7 7 0 2 123 -4 0 0 7 100 
2439-19 D 298 R 83 44 2.85 20 5 5 0 0 114 -16 0 0 7 100 
2439-19 E 298 R 88 45 2.42 20 2 2 0 0 121 -15 0 0 7 100 
2439-20 E 302 R 75 41 2.07 20 0 1 0 0 138 -16 0 0 7 100 
2439-21 D 301 R 104 50 3.45 20 8 8 0 0 113 0 0 1 -3 100 
2439-21 E 301 R 55 24 103.8 20 2 2 0 0 113 0 0 0 -4 100 
2439-22 D 302 R   84.92  4    115 -11 0 2 -3 -10 
2439-22 E 302 R 69 25 12.01 20 15 16 0 0 116 -13 0 1 -3 100 
2439-23 D 302 R 102  2.2 20 6 6 0 0 111 -9 0 2 -3 100 
2439-23 E 301 R   87.95 20 14 15 1 49 123 -9 0 0 6 -8 
2439-24 D 301 R 103  6.77 20 3 3 0 1 120 -2 0 0 7 100 
2439-24 E 301 R 64 31 2.91 20 8 10 1 1 121 -1 0 1 -3 100 
2440-02 E 304 R 105 51 4.72 30 1 1 0 0 130 -3 0 2 -3 100 
2440-03 D 303 R 118 74 1.44 30 4 4 0 0 123 -4 0 0 7 100 
2440-03 E 303 R 126 75 2.28 30 4 4 0 0 122 -2 0 0 7 100 
2440-04 E 307 R 68 29 31 50 5 18 0 0 128 -11 0 0 7 100 
2440-05 D 302 R 132  27.92 20 12 12 0 0 113 -6 0 0 7 100 
2440-06 E 301 R   10.75 20 18 21 0 0 122 1 0 0 -5 -9 
2440-08 D 301 R 119 71 1.49 30 3 4 0 0 136 -2 0 0 7 100 
2440-08 E 300 R 67 37 2.53 30 8 8 0 1 125 -3 0 1 -3 100 
2440-09 E 299 R   103.51 20 21 21 0 0 127 -7 0 0 -5 -5 
2440-10 D 303 R 89 47 1.59 20 0 0 0 0 113 -8 0 0 7 100 
2440-11 D 300 R 101 49 3.7 20 6 6 0 0 121 -5 0 0 7 100 
2440-11 E 300 R 97 52 1.96 30 3 3 0 2 125 -2 0 0 7 100 
2440-14 E 300 R 93 42 9.33 30  5 0 0 133 -4 0 0 7 100 
2440-15 D 304 R   18.01 20 34 37 1 1 117 -9 0 0 -5 -5 
2440-15 E 304 R 71 28 2.8 20 14 16 0 0 116 -13 0 1 -3 100 
2440-16 D 302 R 127 4 10.25 30 2 2 0 0 116 -4 0 0 7 100 
2440-16 E 302 R   12.9 30 3 3 0 0 118 -1 0 0 6 9 
2469-01 D 299 R 116 7 6.72 30 2 2 0 0 109 -7 0 0 7 100 
2469-03 D 309 R 112 59 7.13 60 4 4 0 0 123 -4 0 0 7 100 
2469-03 E 309 R 120 72 1.65 50 5 5 0 1 135 -1 0 0 7 100 
2469-07 E 301 R 135 5 6.78 30 3 3 0 0 115 -1 0 0 7 100 
2469-09 E 300 R 94 61 22.14 30 1 2 0 0 114 -1 0 1 -3 100 
2469-15 A 298 P 138  6.76 20 16 18 1 2 120 -1 0 0 7 100 
2469-15 B 298 P   103.95 20 15 15 0 1 126 -1 7 0 -4 -4 
2469-15 C 298 P   36.21 20 9 10 0 1 133 0 0 0 7 -4 
2469-17 C 297 P 129  5.06 50 12 17 5 6 122 -13 0 0 7 100 
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Appendix C IV plots for all batches 
 
Figure 33: IV for batch 2313 
 
Figure 34: IV for batch 2391 
VELO Module Production - Sensor Testing Reference:  LHCB 2007-072 
LHCB Technical Note  Revision:  1 
Issue:  Draft Last modified:  20th September 2007 
IV plots for all batches 
 
  page  40  
 
Figure 35: IV for batch 2392 
 
 
Figure 36: IV for batch 2395 
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Figure 37: IV for batch 2428 
 
Figure 38: IV for batch 2436 
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Figure 39: IV for batch 2439 
 
Figure 40: IV for batch 2440 
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Figure 41: IV for batch 2469 
 
Appendix D Technical Specifications Document 
The following is a copy of the final technical specification document as amended 
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Updated Technical Specifications for LHCb VELO 
Silicon Sensors for Final Contract with Micron 
Semiconductor 
Wednesday, 03 March 2004 
Editors: T.J.V. Bowcock, G. Casse, P. R. Turner – O. Lodge Laboratory, 
University of Liverpool 
All changes from the official tender document are shown 
in red  
1  General Information 
The LHCb VELO will consist of approximately 90 silicon sensors (130 including 
spares) of n-type read out strips implanted on an n-substrate (n
+
n). LHCb will 
supply detailed design basis for the mask design and specify the geometry of the 
sensors. The sensors will operate in a high radiation environment and should show 
good radiation resistance and be able to work at high bias voltages. To increase the 
radiation resistance to charged hadron irradiation oxygen enrichement of the 
substrate by high temperature diffusion from a surface oxide layer is required. It is 
anticipated that the detectors will be replaced after 2-3 years. 
The following specifications apply to the LHCb VELO detectors. 
2  General Characteristics 
2.1  Geometry 
There are two different geometrical layouts, "r" type and "φ" type required for the 
VELO sensors. Both are approximately half circles, with a hole at the centre. A 
sketch of the layout of the strips on the two kinds of sensors is illustrated in Figure 
1. Equal numbers of both types of detector are required. 
Strips on the r-detector are circular in shape, and divided into 4 sections, each 
covering approximately a 45
o
 angle. The strip pitch will vary across the detector 
with a pitch down to 40 microns at the inner radius.  
Strips on the φ-detector are straight and divided into two sections. The inner 
section has a “stereo angle” of differing sign and magnitude to the outer part. The 
"r" type and "φ" detectors will be processed using 
different dedicated masks.  
The size of the r-detector will require the use of  6inch wafers. 
Further details of the geometry are given in Appendix B1. 
2.2  Technology –Capacitive coupling and Routing lines 
For the r-detectors the strips are capacitively coupled to aluminium readout lines. 
The signals are routed to the edge of the detector with additional aluminium 
"routing lines" in a second metal layer, separated from the first by a thick insulator 
layer. 
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For the φ-detectors the strips are also capacitively coupled, and the signals from 
the inner region are routed to the outside of the detector with aluminium routing 
lines in a second metal layer.  
2.3  Technology (n
+
n)  
One face is implanted with n+-doped strips, and both faces with an implanted guard 
ring structure. The insulation of the strips is achieved with p-spray technology.  
3  Specifications of the sensors 
3.1  Mask Requirements 
The design of the mask-set will be solely the contractual responsibility of the 
manufacturer. The contractor shall produce engineering drawings or mask design 
to be submitted to LHCb VELO for approval in writing before the start of 
prototype or pre-production.  
• Number of metalised implanted strips:  2048 
• Number of strips readout: 2048 
• Read-out strips: Aluminium, capacitively coupled over the n-implant strips 
• Polysilicon bias resistors: either overlapping the implanted strips or running 
besides the implanted strips. 
• Sensitive region to cut edge distance: ~1mm 
• High Voltage contact: p-layer on back, with a metal grid (to allow the testing of 
the sensors with laser light) with a few metalised pad for easy application of 
electrical contact.  
• Read-out: 2048 bond pads of LHCb approved design. Where possible a second 
row of bond-pads will be made available.  
• n-bias contacts (ground side): Available at each “corner” at the outer radius. 
• Passivation: detectors should  not be passivated  
• Identification: every 5th (r-type) or 10th (phi-type) strip to be clearly numbered 
starting at 1 for the first read out strip. Identification pads to be provided for 
detector labelling. 
• Substrate Crystal Orientation: [100] 
3.2 Wafer Test Structures 
Test structures are conceived to allow the testing of relevant parameters from the 
receiving institutes. Test structures for the measurement of the implant sheet 
resistance, metal (one and two) strip resistance, polysilicon resistance and via 
resistance are to be provided. Also miniature microstrip detectors are intended as 
test structures. All detectors in every processed batch are to be accompanied by 
fully diced miniature detectors and undiced test structures from the same wafer.   
Other test structures are the responsibility of the manufacturer to control the 
process.  
3.3 Detector Mechanical Properties 
• Quality of cut edges: edge chipping to be avoided and all cut edges to be clean and 
smooth. No chips or cracks should extend inwards by more than 50 microns. The 
tolerances of the cuts (see Fig 1)  will be within  35 microns, and no closer than 75 
microns, from nominal in straight cut sections and within 85microns and no closer 
than 135 microns, from nominal at the inner radius. Extra metal fiducials will indicate 
the acceptable cut area . All cuts will be checked by visual inspection. 
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• Thickness: a nominal thickness of 200 microns. The tolerance on the quoted thickness 
will be 10 microns. The manufacturer is requested, in addition,  to quote for 300 
micron wafers for both r and φ designs and a quote for a joint production of φ designs 
on 200 micron thick wafers and r designs of 300 micron sensors.  
• Uniformity of thickness within one detector: 15 microns 
• Mask Alignment Tolerances: < 2 microns with respect to any other mask over the 
dimensions of the mask. Specific values are the responsibility of the contractor. 
• Damage and defects: Device free from scratches and other defects that the LHCb 
institutes judge could compromise the detector performance during the lifetime of the 
experiment. 
• Bond Pads: Metal quality, adhesion and bond pad strength to be such as to allow 
successful uniform bonding to all readout strips of the detector using standard 
microstrip bonding techniques, and without causing a degradation in the strip quality. 
The bond pads must be able to withstand a pull test of 10g. 
• Flatness: The detectors must be flat (when unstressed) to within 200 microns. 
Flatness is defined by the difference between the lowest point and the highest point of 
a sensor when laid on a flat surface. 
• Mechanical Samples: The quote will include the provision of 30 mechanical 
“dummies” of each type (both r and φ- a total of 60 in all) cut with the final precision 
but only processed with a thin oxide layer and the second metal layer (of the same 
specification as the final detectors) on the strip side, and metal layer on the back side. 
 
Figure 1: Tolerances for cuts 
3.4  Detector Electrical Properties 
• Strips: n-implant (width dependent on geometry, < 40 Ω per square 
• Readout-strips: Aluminium < 42 mΩ per square) 
• Routing (second metal) line resistance: < 18 mΩ per square.  
• RBIAS (Polysilicon resistor bias) resistance :~ 16.5 kΩ per square yielding a 
total resistance of about 1.8MOhm  
• Rinter-strip: > 2×RBIAS at operating voltage after correcting for bias connection 
• Interstrip Capacitance: all strips <15pF at 150V bias at 10kHz  
• Ccoupling: > 10 pF/cm for any strip at 10KHz 
• Dielectric layers: one layer of dielectric SiO2  
• Initial Depletion Voltage: Vdepletion< 150V for 200 micron thick detector 
• Initial leakage current at 20 oC: < 10 µA at 100 V (and <20 µA at 150 V to be verified 
by contractor) at 50% humidity or less. 
35µm(85 inner 
75µm(135 inner 
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• Breakdown must occur at >280V for a 200micron sensor and 500V for a 
300micron thick sensor. Breakdown will deemed to be a current greater than 
100 µA 
• Leakage Current Stability: Current to increase by no more than 5µA, at full depletion  
during 72 hours in vacuum. This test need only be performed on a batch basis.  
• Double Metal: the insulator (SIO2) between metal layers must be at least 3.5µm 
thick 
• Oxygenation: the oxygen concentration enhancement via high temperature diffusion 




 throughout the wafer.   
• Percentage of good strips: A detector will only be accepted if it has at least 99% good 
strips. 
Definition of bad strips: 
1. Coupling dielectric: short through dielectric with 40V applied between the metal 1 
and the substrate (measured by contractor). A short will be defined as a current of 
>1nA at 40V. 
2. Defective metal strips (Metal 1): metalbreaks  or shorts to neighbours (measured by 
contractor) 
3. Defective metal strips (Metal 2): metalbreaks or via break or shorts to 
neighbours (measured by contractor) 
4. Defective implants: Implant breaks or shorts to neighbours (measured by LHCb 
institutes). 
5. Resistor Connection: Implant strip connection via resistor to bias rail broken 
6. Any strip whose metal resistance exceeds the specification by 20%  
7. Any strip whose “capacitance” measurement differs from the nominal expected for an 
equivalent strip by more than 20% 
8.  
3.5 Testing by Manufacturer 
The manufacturer must  perform a series of approval tests outlined in Appendix A. 
The tests must be performed under the same conditions for each sensor. All data 
for tests must accompany sensors delivered to Liverpool University. 
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3.6 Delivery Schedule 
In order to meet the LHCb VELO programme requirements it will be necessary for 
Liverpool University to receive: 
1. 60 Dummy sensors (30 of each kind)  by Mar 28,  2004. 
2. 10 sensors, 5 phi and 5 r by May 31, 2004. 
3. 12 deliveries of 10 sensors (5 phi and 5 r). The delivery dates should be the end of the 
following months 
i. Oct ‘04 
ii. Nov  ‘04 
iii. Jan  ‘05 
iv. Feb ‘05 
v. Mar  ‘05 
vi. Apr  ‘05 
vii. May  ‘05 
viii. Jun  ‘05 
ix. Jul   ‘05 
x. Sep  ‘05 
xi. Oct  ‘05 
xii. Nov  ‘05 
Following successful completion of the contract [it is expected that] the LHCb 
collaboration will place another contract for a further 130 sensors
Figure 1. Schematic of the LHCb VELO sensors. The upper diagram (r-detector) shows a 
symmetrically  arranged series of r-measuring strips starting at a small positive angle 
(1degree) to the horizontal and ending at (179 degrees) to the horizontal (total included 
angle 182 degrees). The phi-detector (lower diagram) shows the inner and outer sectors 
with opposite stereo angle. For further details see appendix B. 
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Appendix 1: Sensor testing procedures 
The manufacturer must  perform tests to check the compliance of the devices to the 
technical specification. In this case the manufacturer will undertake to provide 
Liverpool University  with the following set of data for each delivered sensor. The 
exact format of the data will be agreed with Liverpool University. 
1. Batch Number 
2. Sensor thickness  
3. Substrate orientation   
4. Temperature and diffusion time for the oxygen enrichment process 
5. Leakage current at 150V bias (measured at 20 oC or quoted as 20 oC equivalent). 
“Ramp” time to be 60 seconds/10V, and each step to be recorded. 
6. Estimated depletion voltage based on Capacitance/Voltage curve (10V increments). 
Measurement frequency  10kHZ. 
7. Polysilicon bias resistance range (upper and lower limit) based on data from test 
structures for the wafer 
8. Capacitance of all strips.  
9. Current through each strip with 40V applied to metal 2. Bias and Backplane to be 
held at 0 Volts.  
10. Estimate of aluminium resistance on Metal1 and Metal2 layers from test structures. 
11. Estimate of n-strip implant resistance from test 
structures 
    
 
